number of promising therapies for ischemic cardiomyopathy are emerging, and the role of translational research in testing the efficacy and safety of these agents in relevant clinical models has become important. The goal of this study was to develop a chronic model of ischemic cardiomyopathy in a large animal model. In this study, 40 consecutive pigs were initially enrolled. To induce progressive stenosis, a plastic occluder with a fixed diameter of 1.0 mm fitted with an 18-gauge copper wire was placed around the proximal left anterior descending (LAD) coronary artery. Coronary angiography, hemodynamic measurements, and echocardiography were performed at 2 wk and 1, 2, and 3 mo. Overall mortality was 26% at 3 mo, and up to 80% of the pigs showed total occlusion of LAD at 1 mo. A significant depression of peak LV pressure rate of rise (ϩdP/dt max) was observed in the animals showing total artery occlusion throughout the study. Left ventricular ejection fraction was also impaired, and the left ventricular volumes tended to be larger in the pigs with occlusion. Approximately 10% of scar tissue was found in the LAD occluded pigs, whereas the coronary flow pattern in the rest of the area took the pattern of hibernating myocardium. At the same time, histological and protein analysis established the presence of fibrosis and ongoing apoptosis in the ischemic area. In this model, the timing and incidence of total occlusion and low mortality offer significant advantages over other ischemic cardiomyopathy models in conducting preclinical studies. chronic ischemia; translational research; total occlusion; hybernating myocardium PROGRESS IN PERCUTANEOUS CORONARY interventions, cardiac surgeries, and implantable mechanical devices has improved the outcomes of ischemic cardiac diseases over the decades. However, patients who developed heart failure due to severe ischemia still have a 5-yr mortality of 40 -50% (3, 6). Even with an intensive care with implantable cardioverter-defibrillator implantation, it could only reduce the rate to 37% (6). The development of novel therapies for these types of patients has accelerated in recent years, and novel targets have emerged at the cellular and molecular levels. There are many potential novel therapies, such as small molecules (17), gene therapy (18), and stem cell therapy (7), that are gaining popularity in cardiovascular disease treatment. Preclinical models of ischemic cardiomyopathy that closely mimic the clinical condition are important to develop to test the efficacy and safety of these new strategies of treatment.
PROGRESS IN PERCUTANEOUS CORONARY interventions, cardiac surgeries, and implantable mechanical devices has improved the outcomes of ischemic cardiac diseases over the decades. However, patients who developed heart failure due to severe ischemia still have a 5-yr mortality of 40 -50% (3, 6) . Even with an intensive care with implantable cardioverter-defibrillator implantation, it could only reduce the rate to 37% (6) . The development of novel therapies for these types of patients has accelerated in recent years, and novel targets have emerged at the cellular and molecular levels. There are many potential novel therapies, such as small molecules (17) , gene therapy (18) , and stem cell therapy (7) , that are gaining popularity in cardiovascular disease treatment. Preclinical models of ischemic cardiomyopathy that closely mimic the clinical condition are important to develop to test the efficacy and safety of these new strategies of treatment.
The porcine heart exhibits similar coronary artery anatomy without inherent collaterals, as well as similar gross anatomic structure (14, 23) , and resembles important characteristics of the human heart. Surgical or percutaneous occlusion of coronary arteries which mimics acute infarct and their sequelae (9, 21) , and the implantation of the plastic occluders to the coronary arteries, which mimics hibernation (5, 11) , are the current models of ischemic heart disease. However, patients with ischemic cardiomyopathy are more likely to have nontransmural infarcts with viable myocardium. A study (1) showed that 55% of ischemic cardiomyopathy patients with depressed cardiac function have viable myocardium. Thus the current models do not offer a reasonable model of ischemic cardiomyopathy. Accordingly, establishment of an ideal chronic ischemia model of swine brings in a significant advantage in translational research and eventually leads to future development of treatment in ischemic cardiac diseases. This study was aimed to test the hypothesis that the gradual occlusion of the coronary artery with appropriate duration could forge an ideal chronic ischemia model; that is, where myocardium is characterized by scar, dysfunctional, and intact myocardium, hibernating cardiomyocytes, apoptotic cardiomyocytes, and fibrosis.
MATERIALS AND METHODS
Experimental study. The study was performed in accordance with the Guidelines for the Care and Use of Laboratory Animals and was approved by the Subcommittee on Research Animal Care at Mount Sinai School of Medicine. Yorkshire pigs (n ϭ 40; body weight range: 9.4 -20 kg) were premedicated using 0.04 mg/kg atropine and 6.0 mg/kg Telazol (tiletamine/zolazepam). Animals were intubated and ventilated with 100% oxygen. General anesthesia was maintained with 5-8 mg · kg Ϫ1 ·h Ϫ1 propofol throughout the procedure, except during the thoracotomy. A thoracotomy was performed while the animals were under isoflurane (1-2%) anesthesia. Surgical access was achieved through the third left intercostal space. A plastic occluder of fixed diameter and an 18-gauge copper wire were deployed around the proximal segment of the left anterior descending (LAD) coronary artery and fixed loosely with a cotton umbilical tape. A sham-operated group (control group: n ϭ 6) was also included in the study. Heparin (2,000 IU) was administered after the operation followed by an oral administration of 10 mg/kg aspirin and 10 mg/kg clopidogrel for 10 days. Postoperational angiography was performed after 2 wk. All of the study animals underwent angiography, echocardiogram, and hemodynamic measurement at 1, 2, and 3 mo (1M, 2M, and 3M, respectively) after the occluder implantation. For the follow-up procedures, the femoral or cervical site was prepared with 70% isopropyl alcohol followed by providone iodine. A percutaneous puncture provided access to the artery and the vein for sheath placement. If the attempt failed, a cut-down was performed. After sheath insertion, 100 IU/kg iv of heparin was administered to maintain an activated coagulation time of 250 -300 s. Some of the pigs were planned for death immediately after the occlusion of LAD to check the scar size, and the remaining pigs were euthanized at the end of the study period, which was set for 3M.
Coronary flow measurement. Regional perfusion was quantified using colored microspheres that were analyzed as previously de- scribed by Etz et al. (10) . Briefly, 1-2 ϫ 10 7 polystyrene fluorescent microspheres (15 um; Interactive Medical Technologies, Irvine, CA) were injected into the left ventricle (LV). Reference blood was withdrawn from a femoral artery sheath using a specialized pump for 2 min at a rate of 2.9 ml/min (Harvard Apparatus, Holliston, MA). After the measurement of baseline flow with Purple-Low colored microspheres, a second microsphere measurement was performed using Coral-High colored microspheres. This second collection was executed to measure coronary artery reserve during adenosine vasodilatation (0.9 mg · kg Ϫ1 · min Regional coronary flow (CF) was calculated using the formula: CF, ml · min Ϫ1 · g Ϫ1 ϭ (R ϫ lt)/(Ibr ϫ Wt), where R is blood reference withdrawal rate (2.9 ml/min); lt and Ibr are fluorescent counts in the tissue and the blood reference sample, respectively; and Wt is the weight of the tissue sample (g). Comparison was performed between ischemic (anterior) and nonischemic (inferior) regions.
Hemodynamic analysis. Through the femoral artery sheath, a Millar catheter (Millar Instruments, Houston, TX) was advanced to measure the following hemodynamic parameters: systolic pressure, LV end diastolic pressure, peak LV pressure rate of rise (ϩdP/dt max) and decline (ϪdP/dtmin), and -value (time constant of isovolumic relaxation). Power lab/4sp (AD Instruments, Colorado Springs, CO) was used to acquire analog data and convert them to digital data. Data analysis was performed using Chart 5 v. 5.2.2 (AD Instruments). All the measurements were performed during a breath hold to avoid the fluctuation of pressure. After hemodynamic measurement, a guiding catheter was advanced and coronary angiography was performed to confirm the status of coronary arteries. Dobutamine stress test was carried out after the baseline measurement with a starting rate of 2.5 g · kg Ϫ1 · min Ϫ1 and increased to 40 g · kg Ϫ1 · min Ϫ1 in a stepwise fashion.
Echocardiography. Complete Doppler transthoracic echocardiographic studies were performed using a Philips iE-33 ultrasound system equipped with a multifrequency imaging transducer. With the use of high frame rate, two-dimensional long axis and cross-sectional images of the LV were obtained. At least three consecutive heartbeats were acquired and stored as digital images. End diastolic and end systolic volumes were obtained using Simpson's method, and stroke volume was calculated by subtracting the end systolic volume from the end diastolic volume. Peak early (E) and late (A) transmitral filling velocities and their ratio (E/A) were measured from the mitral valve inflow profile. Wall motion of anterior region was scored as follows: 1, normal or hyperkinetic; 2, hypokinetic; 3, akinetic; and 4, dyskinetic.
Postmortem histology. Hearts were explanted and sectioned into six slices. To quantify the infarction size by digital planimetry, slices of heart tissue were immersed in triphenyl tetrazolium chloride. One of the slices was used for histological and protein analyses, and the samples from sections of the LV were separated into three layers, the endomyocardium, midmyocardium, and epimyocardium, and then snap frozen both directly and in the optimum cutting temperature (OCT) compound. To inquire further into the mechanism of the occlusion, a sample from the occlusion site was taken out. The copper wire and the occluder were removed for the cutting process, and the sample was embedded in an OCT compound. After being frozen down to Ϫ80°C, the samples in OCT compound were sliced into sections measuring 20 m, and Masson's trichrome staining was performed. Values are means Ϯ SD. ϩdP/dtmax and ϪdP/dtmin, peak left ventricular pressure rate of rise and decline, respectively; , time constant of isovolumic relaxation. *P Ͼ 0.05. Western blotting. Cardiac tissue was minced and subsequently homogenized in radioimmunoprecipitation assay buffer containing a protease inhibitor cocktail (Sigma-Aldrich). Protein extracts were separated on 10% SDS-PAGE and transferred onto PVDF membrane (Millipore). Antibody binding was visualized by ECL (Immobilon Western, Chemiluminiscent HRP Substrate; Millipore). MAb used in Western blotting included anti-collagen I, anti-collagen III, and TGF-␤ (all from Abcam) and caspase-3 (Cell Signaling). Protein loading was controlled by GAPDH (Sigma-Aldrich) expression. Peroxidase-conjugated secondary antibodies (Sigma-Aldrich) were used.
Statistical analysis. Continuous variables were reported as means Ϯ SD. The Student's t-test was used to analyze differences within the same group, whereas the two-sample t-test was used for differences between two groups. A P value Ͻ 0.05 was considered statistically significant.
RESULTS

Mortality.
Forty consecutive pigs were initially enrolled in the study. One animal was excluded because it had an oversized LAD to implant the occluder. A total of 39 pigs received this new occluder. Two pigs died from procedural failure, and two pigs with significant ST change during the operation died within 12 h after the procedure most likely from arrhythmias due to acute large myocardial infarctions. Overall mortality was 26% (6 deaths after 24 h postoperation). However, sudden death was only seen in two pigs and four other pigs were procedure-related deaths during the follow-up. Immediately after the confirmation of LAD occlusion, six pigs at 1M and two pigs at 2M were euthanized to check the scar size. Survival curve of the pigs without planned deaths are shown in Fig. 1A .
Occlusion. Two pigs had total occlusion of the LAD at 2 wk, and almost 80% of the pigs showed total occlusion at 1M (Fig.  1B) . After 1M, gradual increase of occlusion rate was seen at each follow-up point. Only one pig did not show total occlusion throughout the study. A representative coronary angiogram before and after the total occlusion of the LAD is shown in Fig. 2 .
Coronary flow measurement. Figure 3 shows regional perfusion measured by colored microspheres from three pigs at 3M. The resting coronary flow was impaired only in the endocardial layer of the anterior area and not in the inferior area (0.44 Ϯ 0.12 vs. 0.83 Ϯ 0.22 ml · min Ϫ1 · g
Ϫ1
; P Ͻ 0.05). The significant increase of coronary flow during the adenosine infusion was observed in all layers of the inferior area ( Cardiac function. Hemodynamic parameters of the pigs with total occlusion at each follow-up point were compared with that of control animals ( Table 1 ). There were no significant differences in heart rate, systolic blood pressure, Values are means Ϯ SD. E, peak transmitral flow velocities at early filling phase; A, peak transmitral flow velocities at late filling phases. *P Ͼ 0.05. Fig. 4 . Left ventriculography before (left; Supplemental Video S1) and after (right; Supplemental Video S2) dobutamine infusion. Anterior wall motion was improved by the injection of dobutamine (2.5 g·kg Ϫ1 · min end diastolic pressure, ϪdP/dt min , and -value between the groups during the study. However, the pigs with total occlusion exhibited a significantly decreased ϩdP/dt max throughout the study compared with that of the control group (Table 1) . Table 2 shows the results of the echocardiographic study. Although stroke volume was comparable between the groups, ejection fraction was significantly impaired in the pigs with total occlusion at every time point. In the same group, both end diastolic volume and end systolic volume tended to be larger with the significant differences in end diastolic volume at 3M and in end systolic volume at 2M and 3M. Anterior wall motion score ranged from two to three in the pigs with total occlusion, whereas all the sham-operated pigs presented normal wall motion. Dobutamine stress test showed improved motion of the anterior wall in pigs with total occlusion (Fig. 4 and Supplemental Videos; Supplemental Material for this article is available online at the Am J Physiol Heart Circ Physiol website).
Postmortem analysis. Figure 5 shows the typical example of the heart cross section stained with tetrazolium chloride. Although a nontransmural scar was present in the anterior region, the scar showed a patchy pattern and the wall thickness was maintained. Mean scar size of the pigs with 1M occlusion did not differ between the death time point (1M: 11.3 Ϯ 3.5%; 3M: 9.5 Ϯ 3.7%, P ϭ NS). The scar size of the four pigs that presented an occlusion after 1M took a wide range between the animals (0.5-13%). Although it was not significant, the average of the scar size was smaller than that of pigs with 1M occlusion (6.3 Ϯ 5.7%).
Consistent with the macroscopic appearance, Masson's trichrome staining revealed an interlaced fibrosis inside the Fig. 6 . Histological assessment of cardiac fibrosis. An increased fibrosis (blue area) was found predominantly toward the endomyocardium (Endo) by Masson's trichrome staining. There was only a minor change found in the inferior (Inf) area. Ant, anterior; Epi, epimyocardium; Mid, midmyocardium. normal myocardium, with more enhancement toward the endomyocardium (Fig. 6) . To further look into the fibrosis and the apoptosis in this model, protein analysis was performed. In correspondence to the histological staining, both fibrosis and apoptotic markers were found to be increased in the anterior midmyocardium and endomyocardium of chronic ischemia pigs (Fig. 7) . The occluder implanted site was collected from one of the pigs that died at 1M follow-up. Fibrosis was demonstrated around the copper wire by Masson's trichrome staining (Fig. 8) .
DISCUSSION
We describe a new swine model of chronic ischemia that presents total occlusion of the LAD with rich collaterals. This model has a number of advantages for preclinical studies targeting ischemic heart disease. Low mortality, cardiac dysfunction with nontransmural scar, ideal time frame with minimal increase in the body weight, and easily reproducible technique were demonstrated. A number of studies have reported large animal ischemic cardiomyopathy models using various induction methods. Implanting ameroid constrictors (2, 4, 14 -15, 20, 22) induces inflammation and gradual occlusion of the coronary artery. However, the ameroid constrictors have been mainly used for LCX as a target (4, 14 -15, 20, 22) , due to a high mortality, as high as 80%, when implanted on LAD (19 -20) . The LCX supplies a small area (14 -15) compared with the other coronary arteries, and the depression of cardiac function in these models may be small. Candidates for cutting edge therapy in humans are those with severe heart dysfunction. With such a perspective, LCX chronic ischemia is not the optimal model for preclinical studies. By inducing a total occlusion at the proximal LAD, we have developed a model of chronic ischemia in LAD with Ͻ30% of mortality. Both hemodynamic and echocardiographic analysis confirmed the depression of cardiac function with a more dilated heart in our model.
Canty and colleagues (5, (11) (12) (13) 16) have also established an elegant swine model of chronic ischemia using plastic occluder Fig. 7 . Cardiac fibrosis and apoptosis in the chronic ischemia model. Analysis of collagen I, collagen III, TGF-␤, and caspase-3 expression markers by Western blotting in cardiac lysates from controls (C) and chronic ischemia (I). An accumulation of collagen I, collagen III, and TGF-␤ was observed in the anterior Mid and Endo of chronic ischemia pigs. Similarly, an increase of apoptosis activity detected by caspase-3 expression was also detected in the anterior Mid and Endo of the chronic ischemia pigs. GAPDH expression was used as a loading control. on LAD. They allowed young pigs to grow Ͼ80 kg during period of 100 days and were enabled to produce ideal hibernating myocardium with minimum scar formation (16) . The model has contributed to elucidate the mechanism (5, 11), protein change (12) , energy metabolism (13), etc., in hibernating myocardium. Although it is suitable for studying the nature of hibernating myocardium, chronic ischemia without any infarct is farther apart from the patients who need to be treated in the clinical settings. In addition, this model requires the animals to grow large and takes time to attain total occlusion. Consequently, a large facility would be required to conduct preclinical studies with multiple animals. We managed to accomplish total occlusion in 80% of the pigs within 1M by adding the copper wire on the occluder. This high probability of occlusion within 1M would help reduce the length of the study and ascertains that the myocardium will have areas of infarction.
We assume that less mortality with high rate of total occlusion was achieved by the mechanism shown in Fig. 8 . Inflammation around the copper wire induces fibrosis, and it gradually fills the space surrounded by the occluder, wire, and the umbilical tape. Thereby, the coronary artery becomes slowly compressed and causes occlusion. This gradual compression allows for faster occlusion of the artery, than only implanting the plastic occluder, but slower than using ameroid constrictors. This moderate speed of artery compression seems to be the best for both survival and reproducibility of the total occlusion.
Although ϳ10% of scar was found in postmortem study, wall thickness was preserved. Most of the pigs had akinetic anterior wall motion, and the coronary flow pattern of our model resembled the results from Canty's group (11, 13) . These data, along with the wall motion improvement with dobutamine, support that the remaining myocardium is in the stage of hibernation described by these investigators. Furthermore, histological and protein analysis established the presence of fibrosis and ongoing apoptosis in this model. This mixture of various stages of myocardium from normal to hibernating, to apoptotic, and to fibrotic myocardium, closely mimics the state of human chronic ischemic cardiomyopathy.
Clinical implications. Our model, which is characterized by patchy scars, viable myocardium, fibrotic area, and hibernating myocardium, indicates that there are various types of cardiomyocytes within the myocardium (8) . We believe this mimics closely the state of myocardium in patients with ischemic cardiomyopathy. Thus our model would be very suitable to test therapies, such as small molecule delivery, gene transfer, and stem cell therapy, targeting specifically ischemic cardiomyopathy.
In summary, our model combines useful characteristics that are present in chronic ischemic cardiomyopathy in humans, and it will be a useful experimental model to evaluate novel therapies.
